No crayfish species are native to the Colorado River Basin (CRB) , representing a riverwide biomass of 122 kg/ha, which equaled that of other macroinvertebrates and fish combined (120.7 kg/ha). Efforts to recover and preserve native fishes in the Upper Colorado River Basin (UCRB), particularly in the Yampa River, have been hampered by nonnative predatory fishes, but the implications of crayfish may have been overlooked and underestimated. Stream conditions during the drought apparently facilitated proliferation by virile crayfish in the middle Yampa River, likely contributing to hyperpredation on native fishes by invasive smallmouth bass. This trophic interaction between virile crayfish and smallmouth bass, in conjunction with regional projections for climate change, will likely make efforts to reduce the abundance and negative ecological impact of smallmouth bass in this ecosystem more difficult and costly. Given the nonnative status of all crayfishes in the CRB, and their invasive capacity and potential to negatively reconfigure native lotic food webs, all states in the UCRB should prohibit the importation, movement, sale, possession and stocking of any live crayfish.
Introduction
The Colorado River Basin (CRB) in western North America drains about one-twelfth of the land area of the 48 contiguous United States (Carlson and Muth 1989; Figure 1a) . The Upper Colorado River Basin (UCRB) is functionally separated from the lower basin by Glen Canyon Dam in Arizona, which impounds Lake Powell. The UCRB comprises five states (Arizona, Colorado, New Mexico, Utah, and Wyoming) from which water naturally drains into the Colorado River. The native fish fauna of the UCRB is characterized by low species diversity (14) and high endemism (57%), with five species federally listed as endangered (Valdez and Muth 2005) .
No crayfish species are native to the CRB (Hobbs 1989; Inman et al. 1998; Carpenter 2005) , but one species, the virile crayfish [Orconectes virilis (Hagen, 1870) ], is widely established in the UCRB (Johnson 1986 , Hubert 1988 Carothers 1994, Blinn and Poff 2005) . The virile crayfish has a broad native distribution in North America where it occupies a wide variety of habitats in lotic and lentic systems (Bovbjerg 1970; Tierny and Atema 1988; Hobbs 1989; Richards et al. 1996) . It feeds on plants, detritus, and other animals (dead or alive), and displays grazing, scavenging, cannibalistic and predatory behaviors; hence, its trophic status as an opportunistic rather than indiscriminate omnivore Loughman 2010) . These flexible habitat requirements and feeding habits categorize the virile crayfish as a generalist rather than specialist species (Charlebois and Lamberti 1996; Mead 2008; , which contributes to its success as an invasive species (Phillips et al. 2009; Larson and Olden 2011; Gherardi et al. 2011) .
Invasive crayfish can have inordinately large effects on native aquatic species due to their complex role in food webs as prey and their polytrophic feeding habits (Kerby et al. 2005 ; Usio et al. 2006; Ilheu et al. 2007 ). Because crayfish are generally larger, longer lived, and more mobile than most other invertebrates in a given ecosystem, these crustaceans can greatly affect the systems they inhabit (Lorman and Magnuson 1978; Momot, 1995) . For example, crayfish can dominate the biomass of benthic invertebrates (Lorman and Magnuson 1978; Momot 1995) and may be considered "keystone" species, influencing multiple trophic levels by interacting with various life stages of numerous species (Momot 1995; Charlebois and Lamberti 1996; Whitledge and Rabeni 1997; Holdich 2002) . Adding nonnative crayfish to food webs can have adverse effects on macrophytes (Elser et al. 1994; Nystrom and Strand 1996) , invertebrates Crawford et al. 2006; McCarthy et al. 2006) , native crayfish species (Lodge et al. 2000a; Taylor et al. 2007; Larson and Olden 2011) , amphibians (Kats and Ferrer 2003; Cruz et al. 2006 ) and native fishes (Guan and Wiles 1997; Carpenter 2005; Light 2005) .
Understanding food web impacts and community consequences of crayfish invasions requires an ability to monitor their density and biomass relative to other community components and crayfish densities elsewhere. There is no single standardized protocol for estimating lotic crayfish abundance due to variations in species behavior, habitat features and preferences, and the clustered distribution of crayfish; however, using a variation of a quadrat sampler has emerged as an effective method (Rabeni 1985; DiStefano et al. 2003; Larson et al. 2008) . A modified quadrat sampling method was used in this study to collect virile crayfish in the Yampa River in northwestern Colorado to describe their demographics in relation to recent fish community shifts. This information was used to evaluate the ecological and management implications of this invasive crayfish and other invasive aquatic species in the UCRB.
Materials and methods

Study area
The Yampa River (Figure 1b ) has been described as the "crown jewel" among tributaries of the UCRB for its formerly robust native fish populations (Johnson et al. 2008 ) and largely unregulated flow (Roehm 2004; Stewart et al. 2005) . The river flows westward from the Continental Divide (elevation 3,712 m above sea level [ASL] ) until its confluence with the Green River (1,548 m ASL) in Dinosaur National Monument (DNM; U. S. National Park Service; Figure 1c ). Draining mountainous and high desert terrain, it is the largest and most important tributary for endangered fish recovery in the Green River sub-basin (Tyus and Saunders 2001) . The Yampa River has a snowmelt hydrograph and displays great seasonal flow variability ( Van Streeter and Pitlick 1998) . While spring discharges remain relatively unaffected, agricultural withdrawals have reduced late summer base flows to about 70% of native conditions (Modde et al. 1999; Stewart et al. 2005) . Site locations were designated according to their distance upstream (km) from the Yampa River's confluence with the Green River at river kilometer (RK) 0 (Figure 1c ).
Stream flow (U.S. Geological Survey 2009a) and water temperature (U.S. Geological Survey 2009b) data are from the U.S. Geological Survey site (gage 09251000) located at RK 126 ( Figure  1c ). Mean peak, daily summer (15 June-15 September) and base (August-February) flows from 1979-1999 were about 223, 44, and 10 m 3 /s, respectively (Bestgen et al. 2007) . During the drought of 2000-2006 annual peak flows rivaled the peak flows of 1979-1999 (except in 2002 and 2004 when they were lower), but daily summer flows averaged only about 39% (17 m 3 /s) of those during the previous period. During the recent period, base flows were much lower and began earlier, reaching seasonal lows in July rather than in August, except in 2005 when the timing and level of base flows were similar to the 1979-1999 average (Bestgen et al. 2007 ). The effects of the drought were most severe in 2002 when base flows during the summer averaged about 0.3 m 3 /s (Anderson and Stewart 2007) . The Yampa River tends to remain clear, except during spring runoff and after rainstorms (Holden and Stalnaker 1975) .
Climatic conditions vary with elevation, but the study area has relatively cool, dry summers (July mean air temperature = 19.5°C at RKM 126 and 224), and cold winters (Johnson et al. 2008) . Indices of stream temperature indicated that summertime water temperatures were warmer, and warmed earlier during the drought period from . From 1991 1979 (Bestgen et al. 2007 .
The Yampa River contains the 12 fish species native to western Colorado (Holden and Stalnaker 1975; Johnson et al. 2008) . The warmer middle (RK 75-224) and lower reaches include critical habitat for four endemic, federally listed endangered fishes, Colorado pikeminnow [Ptychocheilus lucius (Girard, 1856) ] humpback chub [Gila cypha (Miller, 1946) (Johnson et al. 2008) .
Intentional and unintentional stocking and immigration by nonnative fishes has resulted in at least 20 nonnative fish species occupying the Yampa River, including nongame cyprinids and several piscivorous game fish (Bestgen et al. 2007; Johnson et al. 2008) . Channel catfish [Ictalurus punctatus (Rafinesque, 1818)], introduced in 1944 (Wiltzius 1985) , are common in the middle Yampa River, but they are abundant within DNM (Tyus and Nikirk 1988; Fuller 2009 (Figure 1c ; Tyus and Beard 1990; Johnson et al 2008; Hawkins et al. 2009 ). These species escaped from the reservoir and northern pike became abundant in the upper and middle Yampa River below Stagecoach Reservoir since the mid-1980s (Nesler 1995; Hawkins et al. 2005) . Smallmouth bass were absent (Baily and Alberti 1952a; Holden and Stalnaker 1975; Carlson et al 1979) or rare (Miller et al. 1982; Wick et al 1985; McAda et al. 1994) in the Yampa River before they were flushed in large numbers from Elkhead Reservoir during its draining in 1992 (Nesler 1995; Martinez 2003) . The distribution and abundance of smallmouth bass gradually increased in the middle Yampa River in the mid-1990s (Martinez 2006; Hawkins et al. 2009 ) and they were first detected in the lower Yampa River within DNM in 2002 (Fuller 2009; Figure 1c Virile crayfish in Crosho Lake near the Yampa River headwaters ( Figure 1c ) were established prior to or during the early 1950, were abundant by 1954, and may be the oldest known crayfish population in northwestern Colorado (Klein 1955; Carothers 1994) . Other lakes in the upper Yampa basin were known to contain established virile crayfish populations or received transplants of virile crayfish by the late 1970s (Carothers 1994) . No crayfish were reported in macroinvertebrate surveys ranging from the upper to lower Yampa River in 1951 (Baily and Alberti 1952b) or during the late 1970s (collections made with a D-frame kicknet; Carlson et al. 1979) . Johnson (1986) reported that no crayfish were captured in the Yampa River in fish surveys (gill nets and electrofishing) performed from 1978-1984. Crayfish were initially reported in low numbers in the diets of channel catfish and northern pike from the middle and lower Yampa River from 1988 -1991 (Nesler 1995 . While virile crayfish were collected in the Yampa River during a crayfish survey (traps and lift-nets) conducted in 1991 above Craig (RK 224), no live crayfish were collected at stations located further downstream near the Milk Creek confluence or near Maybell (Figure 1c ; Carothers 1994) . Anderson and Stewart (1999) reported low numbers of crayfish in invertebrate samples (Surber sampler) collected within the study area in 1998. Virile crayfish likely appeared in the middle Yampa River by the late 1980s, existing at low densities until the drought beginning in 2000. Fishery workers began to report observations of higher crayfish densities in 2001 (Martinez 2006) with an apparent explosion in their abundance occurring by 2003 (Anderson and Stewart 2007) .
Crayfish sampling and measurements
Several factors were considered in selecting the time and locations for the sampling of crayfish in the middle Yampa River. The method of sampling, hand-picking within 1 m 2 quadrats, relied on good water clarity and the ability for personnel to wade across the width of the river without the need for specialized gear to withstand low water temperatures or high water velocities. These conditions were met as the hydrograph reached base flow by late summer. Low discharge at this time of year can limit access by watercraft, so accessibility from shore was also important in selecting sampling stations. This late season timing ensured that annual reproduction was complete and that young-of-year crayfish would be available for capture. Last, it was desirable that the stations represent as distinctly as possible the river's three major habitats: run, pool, and riffle-rapid (Anderson and Stewart 2007) .
Sampling Figure 1c ). Sampling at these stations was conducted upstream of the boat ramp/access points to avoid to the extent possible human disturbance of the crayfish distribution or density. At each station, six transects spanning the river channel, oriented perpendicular to flow, were spaced 10 m apart. Two of these transects at each station were randomly selected for sampling by placement of 1 m 2 quadrats spaced 5 m apart. The placement of the first quadrat either 1 m or 5 m from shore was also randomly determined. A laser rangefinder (± 0.5 m) was used to maintain the 5 m spacing between quadrats and to measure stream width at the selected transects.
Quadrats enclosing an area of 1 m 2 were fabricated from 5 cm inside diameter, schedule 40 PVC pipe, and 90-degree couplers. Prior to final assembly and gluing of the pipe and coupler joints, the pipe was filled with sand to provide sufficient weight to keep the quadrat in place when submerged, while remaining light enough to be easily handled and moved. Transects were approached from downstream and a person onshore used the rangefinder to direct the spacing and placement of the quadrats. As the sampling site was approached and the quadrat was submerged into place on the substrate, the number of crayfish fleeing from within the boundary of the quadrat was counted as "missed". One person held a seine (2 m  1 m  10 mm aperture) downstream of the quadrat, preventing crayfish escape or drift in that direction, while two others captured and excavated crayfish by hand from inside the quadrat to a maximum substrate depth of about 15 cm (Larson et al. 2008) . In water exceeding 60 cm deep, workers used snorkels and masks to facilitate excavation, visual detection and capture of crayfish. Water clarity in both years allowed unfettered visual detection of crayfish fleeing, hiding among the substrate, or burrowed under cobbles or rocks. Fifty eight 1 m 2 quadrats were sampled for crayfish in each year in 2005 and 2006. Captured crayfish were counted, recorded, and bagged by quadrat, and placed on ice. Upon completion of sampling, water depth and velocity were measured at the center of each quadrat, and the percentage of major substrate types was visually estimated. Water velocity (m/s) was measured with a Marsh-McBirney flow meter at 60% of total water depth (from the surface). Substrate categories approximated those described by Bain et al. (1985) and included silt, sand, gravel (2-74 mm), cobble (75-250 mm) and rock (>250 mm). Simple linear regression was used to examine the relationship between water depth, water velocity, percent of substrate > 75 mm, and total number of counted crayfish versus the percent of crayfish observed fleeing in each quadrat. The correlation between quadrat densites of crayfish and percentage of smaller substrates (silt, sand and gravel) and percentage of larger substrates (gravel, cobble and rock) was also examined. Percentages were arcsine transformed prior to computing correlation coefficients. Data transformations and nonparametric tests were conducted with SAS software and all other statistical analyses were performed using Microsoft Excel software.
The method of capture, hand picking, allowed nearly all crayfish to remain intact. Individual crayfish with an undamaged cephalothorax were measured for carapace length (CL; determined as the dorsal distance from the anterior tip of the rostrum protruding between the eyes to the posteriomedian edge of the carapace) to the nearest mm using digital calipers. The CLs of crayfish in 2005 (n=481) and 2006 (n=436) were nonnormal and were compared between years and sexes (Wilcoxon rank-sum test). In 2005, captured crayfish > 20 mm CL that were intact (n=78) were weighed to the nearest 0.5 g. In 2006 captured crayfish that were intact (n=432) were weighed to the nearest 0.1 g. Individual masses of crayfish were used to develop a length-mass relationship. The species identity and sex of all captured crayfish was determined (Hobbs 1989; Pennak 1989) Wet masses corresponding to these weighted CLs were determined from the length-mass relationship, and were multiplied by their respective weighted annual crayfish density to provide annual estimates of crayfish biomass density (g/m 2 ). These annual estimates of crayfish biomass density were averaged to estimate the riverwide biomass of crayfish (kg/ha) in the middle Yampa River during the mid-2000s for comparison with the biomass of other macroinvertebrates and fish.
An estimate of non-crayfish macroinvertebrate wet biomass in the middle Yampa River was obtained by converting the ash free dry mass of macroinvertebrates (average=0.48 g/m 2 ) reported for streams and rivers in CRB studies (Haden et al. 1999; Haden et al. 2003; Oberlin et al. 1999) to dry mass using an average of 6.5% ash for major aquatic insect orders (Benke et al. 1999; Benke and Huryn 2007) , and then converting dry mass to wet mass by an average factor of 0.18 (Waters 1977; Wetzel and Likens 2000) . An average estimate of biomass for fish > 150 mm TL in the middle Yampa River in 2003 and 2004, 53 .2 kg/ha, was obtained from Anderson (2005) . A similar estimate for fish < 150 mm TL was based on a small-bodied fish density of 30,000/ha and an individual mass of 1.3 g (Johnson et al. 2008) .
Results
The width of the Yampa River at each station was similar in 2005 and 2006, ranging from about 40 m at Milk Creek to 67 m at Morgan Gulch (Table 1) . Water depth in the quadrats ranged from 14 cm to just over one meter and averaged 42 cm in both years. Measured water velocities in quadrats ranged from zero in the pool habitat at Morgan Gulch to 0.92 m/s in a rapid at the Milk Creek station and averaged about 0.3 m/s in both years ( and the sizes of crayfish missed appeared to be in proportion to the size structure of captured virile crayfish. Not all exposed crayfish tried to escape, rather some remained undisturbed, while others attempted to conceal themselves amidst or underneath available cover. Crayfish that swam away did not appear to do so in a particular direction (lateral or upstream), regardless of current velocity. Coefficients of determination for the percent of crayfish missed with water depth, water velocity, percent of substrate > 75 mm, and the total number of crayfish counted in each quadrat were < 0.03. This suggested that the propensity for crayfish to flee or escape capture was attributable to random circumstances including the degree of exposure and behavior of 
Discussion
Crayfish densities
Station-specific densities of virile crayfish at the three sampling locations of the middle Yampa River (3.6-22.1/m 2 ) were similar to those of other single-species crayfish densities in lotic habitats in North America (Momot et al. 1978 sized substrates (Bovbjerg 1970; Daniels 1980; Mitchell and Smock 1991) , which are common in the middle Yampa River, but they are tolerant of fine sediments (50-100% embeddedness; Clark and Lester 2005) . The use of quadrats of varying configurations and various methods to dislodge crayfish is considered to be an effective method for estimating lotic crayfish densities (DiStefano 1993; Roell and Orth 1992; Larson et al. 2008 ). The method used in this investigation combined quadrats and hand picking, and appeared readily adaptable (due to its portability) to wadeable and even remote reaches of many smaller rivers or streams (< 10 m 3 /s; ~ 1 m deep) that flow clear during late summer. The similarity in the percentage of counted crayfish that were missed in both years suggests that this quadrat method merits further application and refinement. Flight by some crayfish would be expected when positioning any quadrat sampler on the substrate, regardless of its configuration, but water clarity aids in accounting for this escapement. High variability in crayfish counts among individual quadrats in lotic habitats is common due to clustered distributions, contributing to often high CVs and broad CIs for estimated mean densities DiStefano et al. 2003; Larson et al. 2008) . However, CVs for station density estimates in this study were comparable to those reported in similar investigations (DiStefano et al. 2003; Larson et al. 2008) .
Potential food web impacts of virile crayfish in the Yampa River
In the middle Yampa River in the mid-2000s, the riverwide density of virile crayfish, 7.9/m 2 , represented a biomass (122 kg/ha) that equaled the combined biomass of other macroinvertebrates and fish (120.7 kg/ha). Relatively low densities of nonnative crayfish (4/m 2 ) can have strong community effects and this impact is intensified at high densities (8/m 2 ; Gherardi and Acquistapace 2007). Thus, the virile crayfish densities observed in the middle Yampa River suggest that potentially severe impacts to the primary and secondary production and unfavorable alterations to the food web for native fishes have occurred within critical habitat for endangered fishes in the Yampa River. These effects would be expected to be detrimental to the native prey resources of the river's endemic apex predator, Colorado pikeminnow. Nonnative crayfish can reconfigure ecosystems they invade in several ways, which may have been overlooked or underestimated by resource managers responsible for the management of the Yampa River and its native and nonnative fishes. As large omnivores, virile crayfish have the capacity to restructure communities due to their simultaneous direct and indirect interactions at multiple trophic levels as primary and secondary consumers, and as predators Hanson et al. 1990; Dorn and Wojdak 2004; Carpenter 2005) .
Virile crayfish and native fish in the middle Yampa River also appear to be experiencing apparent competition, a food-web impact that has largely been ignored in invasion biology until recently (Noonburg and Byers 2005). Apparent competition, or hyperpredation, can occur when an introduced prey animal (virile crayfish) that is preyed heavily upon by an introduced predator (smallmouth bass) gains a competitive advantage over native species (small-bodied and juvenile fishes) by increasing and sustaining predator numbers that severely reduce the abundance of the native prey (Vander Zanden et al. 2006) . As a result, the introduced prey enjoys a competitive advantage over the native prey and flourishes due to behaviors better adapted to withstand the intense predation. Carter et al. (2010) showed that smallmouth bass selected fish prey over virile crayfish. Apparent competition increases the threat posed by a nonnative competitor where direct competition alone would not exclude the native consumer ( Other data supports hyperpredation as a negative, synergistic outcome of the concurrent invasion by both the virile crayfish and smallmouth bass populations in the middle Yampa River. Managers hoped that smallmouth bass would show a drop in body condition or decline in abundance when the small-bodied fish assemblage, including native speckled dace, mottled sculpin, and young-of-year and juvenile life stages of non-endangered larger-bodied native fishes, declined in the early 2000s (Anderson 2002 (Anderson , 2005 Colorado State University, unpublished data) indicating that body condition had not declined while population estimates of smallmouth bass declined only modestly (20%), despite intensive removal efforts (Hawkins et al. 2009 ). Virile crayfish dominated the biomass in the diet of smallmouth bass (52-78%) during 2003-2005 when small-bodied fish were scarce in both the river and diet of smallmouth bass (Martinez 2006; Johnson et al. 2008) . Overall, conditions in the middle Yampa River during the drought of the early 2000s proved favorable for virile crayfish with collateral food web benefits for smallmouth bass, including a trophic refuge (Garcia-Berthou 2002) for smallmouth bass as the availability of small-bodied fish declined.
Virile crayfish consumption by other nonnative predators in the middle Yampa River, channel catfish and northern pike, also increased during this period (Martinez 2006; Johnson et al. 2008) . Observed levels of crayfish consumption in the 1980s and 1990s by channel catfish (~18%) and northern pike (~5%) increased to 54-82% and 19-25%, respectively, by 2003 54-82% and 19-25%, respectively, by -2005 54-82% and 19-25%, respectively, by (Martinez 2006 Johnson et al. 2008) . Elvira et al. (1996) reported nonnative pike thriving on nonnative crayfish after native prey fish had been eliminated. The trophic relationship between virile crayfish and nonnative predatory fishes may further entrench these species, particularly smallmouth bass, in the ecosystem of the middle and lower Yampa River rendering efforts to reduce their abundance more difficult and costly.
Drought and climate change
The three documented community shifts in the middle Yampa River during the 2000s, the increased distribution and abundance of nonnative virile crayfish and smallmouth bass and the decline in the abundance of small-bodied and juvenile native fish, coincided with a drought. Droughts are part of the normal climate pattern in the CRB, but they do not occur in cyclic fashion and they are difficult to forecast (Committee on the Scientific Bases of Colorado River Basin Water Management 2007). However, while the drought of the early 2000s will eventually be followed by wetter conditions, future droughts of varying severity are predicted to recur with increased frequency and duration (Committee on the Scientific Bases of Colorado River Basin Water Management 2007). Resulting reductions in water stores and stream flows due to climate change will likely intensify demand for remaining water supplies and may hasten proposed water development, including in the Yampa River (Northern Colorado Water Conservancy District 2006; Kinsella et al. 2008; Repanshek 2009 ). Long-term climate and water supply projections suggest that flow scenarios for the Yampa River will functionally mimic drought conditions, including reduced stream discharge, smaller stream size, and an increase in summertime water temperatures (Roehm 2004; Johnson et al. 2008) .
Crayfish populations appear to be highly resistant, if not positively responsive, to drought conditions (Flinders and Magoulick 2003; Light 2003; Adams and Warren 2005) . It appears that even severe drought conditions would not eliminate virile crayfish from the Yampa River system; rather it may contribute to a sustained dominance by crayfish. These conditions may predispose the Yampa River to more frequent ecosystem conditions conducive to increased abundance of virile crayfish and smallmouth bass, other invaders, and associated declines in native biota. Further, the ecological effects of crayfish may be stronger in smaller, warmwater stream communities that support higher crayfish production per unit area than larger streams, possibly due to differences in channel structure and habitat availability (Roell and Orth 1992; Helms and Creed 2005) . Thus, streams or midsize rivers in the UCRB with conditions similar to the base flow-depleted middle Yampa River may be susceptible to invasion and dominance by invasive crayfish. In smaller streams, larger crayfish tend to occupy deeper water, presumably as protection against predation by terrestrial predators such as raccoons [Procyron lotor (Linnaeus, 1758) ] and herons (e.g. [Ardea herodias (Linnaeus 1758)]; Butler and Stein 1985; Rabeni 1985; Creed 1994; Englund and Krupa 2000) , maintaining adults that sustain reproduction.
Compared to some other crayfishes, virile crayfish experience a significant growth advantage with warming water temperatures, which may facilitate expansion of their range, abundance and ecological impact . Similarly, climate change, which reduces streamflow and promotes warmer water temperatures and longer growing seasons, may facilitate survival, growth, and range expansion of smallmouth bass (Shuter et al. 1980; King et al. 1999; Dunlop and Shuter 2006) . Both smallmouth bass and virile crayfish were able to exploit the drought conditions in the Yampa River, increasing their abundance in explosive fashion. Maximum daily food consumption rates for both virile crayfish and smallmouth bass have been shown to increase most steeply from 18 o C to 22 o C Whitledge and Rabeni 2003) . This temperature range encompasses the change in mean summertime water temperature in the Yampa River before (19.0 o C) and during the drought (20.6 o C). Virile crayfish become more active above 15 o C (Rabeni 1992; Richards et al. 1996) and likely benefitted from the prolonged period of sustained water temperatures > 16 o C in the middle Yampa River during the early 2000s. In addition to enhancing conditions for growth of virile crayfish and smallmouth bass, higher water temperatures during the drought also likely improved their capacity for reproduction, recruitment, and range expansion (Sharma et al. 2007; Rahel and Olden 2008) . Climate change could facilitate the colonization of newly or repetitively introduced species into new areas making the restoration and conservation of native aquatic species more difficult (Moyle and Mount 2007; .
Ongoing introductions and invasion risks
Papershell crayfish, signal crayfish, and unidentified specimens of Orconectes were reported in Fish Creek, a tributary in the upper Yampa River drainage, in 1980 and 1981 (Britton 1983) . Water nymph crayfish, papershell crayfish, ringed crayfish [O. neglectus (Faxon, 1885) ] now occur in the upper Yampa River basin (Sovell and Guralnick 2004; Sovell et al. 2005) . The rusty crayfish was believed to be established in only one site west of the Continental Divide in Washington (Olden et al. 2009 ), however, rusty crayfish now occur in the upper Yampa River (Figure 1c ) within and below Catamount Reservoir (Brown 2011), and in Stagecoach Reservoir (CDOW 2011) . Four of the crayfish species documented in the Yampa River, papershell, ringed, rusty and virile crayfishes are considered to be highly invasive Olden 2010, 2011; Gherardi et al. 2011) .
Five decades passed following the establishment of virile crayfish in the headwaters of the Yampa River before the species became abundant downstream and it may take more time before other crayfish species reach similar densities. Virile crayfish exploited recent drought conditions in the middle Yampa River and rusty crayfish may respond similarly to climate change , allowing it to become the dominant species. Virile and rusty crayfish have been described as ecological equivalents (Momot et al. 1978) , displaying similar adult sizes and diets (Hill et al. 1993) , but the rusty crayfish is considered to be more aggressive and less vulnerable to fish predation (Capelli and Munjal 1982; DiDonato and Lodge 1993; Garvey et al. 1994 ) Regardless, any invasive crayfish species in the Yampa River would likely continue to be suitable prey for smallmouth bass. The negative synergistic scenario of virile crayfish intensifying the predatory impact of smallmouth bass in the middle Yampa River may be looming across western Colorado. Smallmouth bass and crayfish often produce stable populations that dominate other stream fauna (Probst et al. 1984; Rabeni 1992; Roell and Orth 1992) . Historic and ongoing crayfish introductions coupled with smallmouth bass escapement from reservoirs, reproduction and movements in streams and illegal introductions all pose risks for an increase in the sympatry of these invasive species within critical habitat for endangered fishes or in lotic habitats suited for the conservation of nonendangered fishes (Johnson et al. 2009 ).
Historically, crayfish have been deemed desirable and beneficial components in the food webs of sport fisheries and they have been spread by humans throughout Colorado as prey for fish (Klein 1955; Unger 1978; Carothers 1994) . Crayfish regulations among the states in the UCRB range from restrictive (no importation or possession of live crayfish allowed or live crayfish must be immediately returned to the water in which they were collected) to permissive, (importation, possession or movement prohibited only for rusty crayfish). However, definitive identification of crayfish species can be difficult in the field (DiStefano et al. 2009 ), making the prohibition of individual species ineffective in preventing the spread of nonnative or invasive crayfish species (Peters and Lodge 2009). Management strategies should prevent any transfers of crayfish species outside of their native ranges, including those arising from crayfish culture or used as live bait (Lorman and Magnuson 1978; Lodge et al. 2000a; 2000b; DiStefano et al. 2009 ), and especially from waters where crayfish invasions have occurred (Peters and Lodge 2009).
Conclusions
The presence of invasive crayfish in UCRB streams and rivers, currently mainly virile crayfish, has direct and indirect negative effects on the local native aquatic ecosystem. Direct effects include dominating the biomass of consumers, and competition with or predation on native biota. Indirectly, crayfish may help to expand the distribution and abundance of nonnative predatory fishes, particularly invasive smallmouth bass, to the further detriment of native fishes. In the past, low flows during drought periods did not trigger overwhelming shifts in the food web of the Yampa River or other UCRB tributaries toward domination by nonnative species, likely due in large part to the absence or very low abundance of invasive species. Nonnative species whose distribution and abundance are currently constrained by habitat conditions or are believed to present a low risk of invasion or community impact may inflict detrimental effects on native species as a result of climate change (Rahel and Olden 2008) .
New and repetitive introductions of nonnative species through escapement from off-stem habitats or via illegal, condoned or permissible movement by humans continues to transform the food web of the Yampa River into one dominated by nonnative species that is less likely to serve as a stronghold for native fishes. Crayfish should not be exempted from concerns about native aquatic species communities or endangered fish recovery, or the ecological and economic consequences posed by the continued introduction and spread of nonnative crayfish . Given the nonnative status of all crayfishes in the CRB, their invasive capacity and potential to negatively reconfigure native lotic food webs, all states in the UCRB should prohibit the importation, movement, sale, possession and stocking of any live crayfish. 
